Winter precipitation variability over the Iberian peninsula was investigated by obtaining the spatial and temporal patterns. Empirical Orthogonal Functions were used to describe the variance distribution and to compress the precipitation data into a few modes. The corresponding spatial patterns divide the peninsula into climatic regions according to precipitation variations. The associated time series were related to large scale circulation indices and tropical sea surface temperature anomalies by using lag cross-correlation and cross-spectrum. The major findings are: the most influential indices for winter precipitation were the North Atlantic Oscillation and the East Atlantic/West Russian pattern; coherent oscillations were detected at about eight years between precipitation and the North Atlantic Oscillation and some dynamic consequences of the circulation on precipitation over the Iberian peninsula were examined during drought and wet spells. In the end statistical methods have been proposed to downscale seasonal precipitation prediction.
Introduction
The major objective of this study was to obtain relationships between precipitation variability over the Iberian Peninsula (IP) on an interannual time scale and the circulation patterns represented by the teleconnection indices. This study was motivated by the interest in precipitation prediction for hydrological and agricultural activities and because the methods based on General Circulation Models (GCMs) are not accurate enough (Bardossy, 1995) . Since links exist between air mass distribution over large areas and local precipitation, an approximate solution to the problem by statistical means is proposed.
Many studies have been concerned with the relationships between circulation and precipitation; some of them proposed downscaling methods for precipitation prediction (Heyen et al., 1996; Zorita and von Storch, 1997; Cavazos, 1999; Kidson and Thompson, 1998; von Storch et al., 1993) , while others attempted to justify extreme rainfall conditions (Kutiel et al., 1996) . In general, the relationships are based on a selection of weather types that relate most closely to the occurrence of precipitation (Zorita et al., 1995; Goodess and Palutikof, 1998; Romero et al., 1998) . The atmospheric circulation can be classified by subjective criteria such as the Lamb weather type catalogue (Perry and Mayes, 1998) , or the Font weather types for the Iberian peninsula (Font Tullot, 2000) ; however, it is preferable to obtain weather patterns using essentially objective methods based on numerical relationships between data, such as were proposed by Wallace and Gutzler (1981) or Barnston and Livezey (1987) . In the present study, the teleconnection circulation indices distributed by the National Climatic Environmental Prediction (NCEP) based on objective criteria were used. The indices refer to recurring and persistent large patterns of pressure and atmospheric circulation anomalies that span vast geographical areas.
Data
Monthly precipitation observations provided by the National Meteorological institutes of Spain and Portugal corresponding to 56 stations spread throughout the whole peninsula ( Fig. 1 ) and for the period 1949 to 1998 were the primary dataset available. These data were quality controlled and checked for inhomogeneities (Peterson et al., 1998; Rodriguez-Puebla et al., 1998) . The accumulated winter precipitation was then separated by adding NDJ (NovemberDecember-January), DJF (December-January-February) and JFM (January-February-March) data. Three months accumulated precipitation is used instead of monthly precipitation because Johansson et al. (1998) recommended using a season to identify a significant signal to noise ratio. Figure 1 shows the distribution of accumulated winter (DJF) precipitation over the whole peninsula: much higher precipitation is produced towards the north-western part of the peninsula (more than 300 mm in the three months) than in the south-eastern half (less than 100 mm). The winter season with slightly higher precipitation corresponds to NDJ with 205 mm on average for the whole IP, while in DJF it is 190 mm and in JFM it is 168 mm.
To obtain Fig. 1 , gridded data with a resolution of 0.5*0.5 degree latitude*longitude were derived from the 56 stations located at different elevations from sea level up to 1380 m (PD in Fig. 1 ). The Barnes interpolation scheme used (Krishnamurti and Bounoua, 1996) does not consider the orographic precipitation effect; therefore, the precipitation distribution is an approximation of the true one. To obtain a model of precipitation distribution depending on the orography is complicated since the climate in smaller areas must be examined (Basist et al., 1994) . In winter and for the whole IP, the longitude is the most influential geographic factor in precipitation distribution, which is related to the prevailing winds. The accuracy of the interpolation scheme was evaluated by comparing the observations and the nearest interpolated gridpoint values using correlation analysis, the correlation coefficient being higher than 0.9 for the three moving seasons.
Application of statistical methods requires the data to behave in a Gaussian fashion. However, the accumulated winter precipitation is not so distributed so a natural logarithmic transformation was applied to the data. Two tests to verify normal behaviour were considered:
(1) The comparison of the probability plot of the average precipitation time series and of the natural logarithm for the same time series (Fig. 2) . The average precipitation time series was obtained from the winter (DJF) data corresponding to the 56 locations. The solid line of Fig. 2 (raw data) shows a significant slope, while the dashed line (transformed data) is almost horizontal, revealing that the mean and the median of the transformed precipitation data coincide (von Storch and Zwiers, 1999) . (2) The coefficient of variation distribution of winter (DJF) precipitation (CVP) in Fig. 3a and of the logarithm of winter precipitation (CVLP) in Fig. 3b reveal that the CVP is large enough (>25%) to be Gaussian (Groisman and Easterling, 1994) while the CVLP is lower than < 25%, thus fulfilling the normal requirements. Hence, the logarithm of accumulated precipitation was used for the study. After the transformation, the higher variability corresponding to the Mediterranean area must be considered in the analysis. The precipitation data were tested for trend and autocorrelation. The map with the distribution of the Mann-Kendall trend test (Z), computed according to Sneyers (1990) and Schonwiese and Rapp (1997) , for DJF is shown in Fig. 4 . Z values lower than ±2 indicate the absence of a significant trend and the mean can be considered independent of time.
This condition is present for the entire 50 year period The data were also tested for autocorrelation. There is no large autocorrelation for the first lag because the values varied between 0.0 and 0.4 with a mean value of 0.18 for the 56 locations. However, previous studies (RodriguezPuebla and Encinas, 1997) showed that the precipitation time series had interannual fluctuations, the second moment was a function of time and, to perform this study, the precipitation process must be assumed to be weakly cyclostationary (von Storch and Zwiers, 1999) .
Other data considered in this study were the teleconnection indices which refer to circulation anomalies at 700 hPa that span vast geographical areas and reflect an important part of both the interannual and interdecadal variability of atmospheric dynamics. The Climate Prediction Center (CPC) (Bell and Halpert, 1995) monitors and documents teleconnection indices. The patterns were explained in the papers of Wallace and Gutzler (1981) and Barnston and Livezey (1987) .
The following indices affect winter precipitation over the IP:
l North Atlantic Oscillation (NAO): this refers to a meridional seesaw of anomalies in the atmospheric mass. Some different indices have been proposed to measure the NAO (Hurrel, 1995; Jones et al., 1997, Barnston and Livezey, 1987) . In this study, the index given by the CPC was obtained following the technique of rotated EOF (Barnston and Livezey, 1987) ; this NAO consists of a north-south dipole of anomalies, with one centre located over Greenland and the other of opposite sign spanning the central latitudes of the North Atlantic The geopotential and wind data at 700 hPa level were taken from the monthly dataset produced from NCEP/NCAR reanalysis data described by Kalnay et al., 1996 . The monthly means are averages of four 6-hourly analyses on a 2.5 º latitude*longitude grid.
The El Niño/Southern Oscillation event (ENSO) is the best known mode of interannual variability and many studies attempt to relate anomalous precipitation patterns over the globe to the ENSO (Ropelewski and Halpert, 1996) . To explore the consequences of the ENSO events on winter precipitation over the peninsula the Southern Oscillation Index (SOI) represented by the standardised surface pressure anomalies between Tahiti and Darwin was used.
Modes of precipitation variations
The dominant modes of winter precipitation variability were obtained from the standardised anomalies of the logarithm of the precipitation by the Singular Value Decomposition (SVD) method (Bretherton et al., 1992; von Storch and Navarra, 1995) . The modes include: the spatial patterns or Empirical Orthogonal Functions (EOFs); the Principal Components (PCs) or expansion coefficients, and the eigenvalues which indicate the relative importance of the modes. To identify the modes which are statistically significant, the selection rules N or resampling test (Preisendorfer and Mobley, 1988; Cahalan, 1983) and the North significant test, which gives the typical error of the estimated EOFs (North et al., 1982) , were estimated. When one eigenvalue stands out and has a small sampling error, the mode may have a physical explanation. Consistent with this criterion, three modes were significant in NDJ, while four modes could be significant in DJF (Fig. 5) and JFM. The spatial patterns that account for statistical significance were then rotated orthogonally by the varimax method because this procedure provides a better representation of the variance over different domains of the IP and the modes (Richman, 1986; White and Richman, 1991) . Table 1 depicts the variances described by the modes and Figs. 6a, 6b, 8a and 8b show the spatial distribution of the modes for DJF, given by the correlation coefficient between the corresponding PC and the precipitation time series. Since there are not many differences among the EOF modes for NDJ, DJF and JFM, only the Figs. for the DJF season are shown.
The first mode (Fig. 6a) shows a higher contribution in the northwestern part of the peninsula. The time series associated with the mode (Fig. 6c) The second mode (Fig. 6b) shows higher values from southwest to northeast and the associated time series (Fig.  6d) indicates that the 1997 winter was essentially wet while the 1981 and 1983 winters were characterised by low precipitation. The extraordinary drought from December 1982 to February 1983 was mentioned by Font Tullot (2000) who reported the absence of rain in Madrid (MD in Fig. 1 ) from 27 November to 21 February.
The third mode (Fig. 8a) represents the variability in the northern part of the peninsula. The associated time series (Fig. 8c) indicates that the winter of 1961 was the rainiest in the Basque County (this was also reported by Font Tullot, 1988) while the 1992 winter was the driest in that region. The pattern of relative precipitation anomalies in percentages for December 1960 (Fig. 9a) resembles the third mode of precipitation variability. The fourth mode (Fig. 8b) is less significant and describes the variability towards the eastern regions, winter 1980 being the rainiest and that of 1995 the driest (Fig. 8d) towards the Mediterranean coast. Fig. 9b shows the precipitation anomalies in February 1980, which depicts a configuration similar to the fourth spatial pattern.
Interpretations of the spatial and temporal modes
The significant modes of precipitation variations are supposed to contain dynamic signals. A simple method for identifying links is cross-correlation analysis. The expansion coefficients or principal components were thus analysed by lag cross-correlation with the teleconnection indices proposed in the NCEP. Table 1 depicts the indices that produce most variations in winter rainfall over the IP; the number with the indices stands for the month of greatest influence. For two random uncorrelated Gaussian time series a correlation is significant at the 95% level when it is greater than 0.28. The correlation patterns performed between the indices and the logarithm of winter precipitation provided structures similar to the modes of precipitation variability and indicated the regions where the indices have a strong influence (Fig. 10a -d) .
The results of Table 1 and Fig. 10 confirmed that the NAO is the major source of interannual variability in winter precipitation over the IP, which is in agreement with previous studies by Hurrel (1995) , Lamb and Pepler (1987) . The EA/ WR pattern is also important and negatively related to precipitation because the negative phases of this pattern cause an increase in the northern geostrophic flow over the northern part of the peninsula.
In NDJ, the NAO and EA/WR indices explain precipitation variations; in DJF, besides the NAO and EA/ WR, the EA and SOI are related to precipitation distribution; finally, in the late winter season (JFM), signals of tropical influences account for precipitation variations.
To explore precipitation variability it is important to link wet/dry spells to the atmospheric circulation. This kind of study has been performed by Mitchell and Blier (1997) , Mo and Higgins (1998) in California. Figures 11a-b show the patterns of relative precipitation anomalies in percentages and Figs. 11c-d show the atmospheric circulation, represented by the 700 hPa geopotential and wind, for two months with extreme values of the NAO; these were December 1996 (NAO=-1.2) and December 1982 (NAO=1.7). A comparison of Figs. 11c and 11d reveals that displacement of the westerlies to lower latitudes causes heavy precipitation mainly in the southwestern regions of the peninsula (Fig. 11a) , while drought conditions (Fig. 11b) correspond to a displacement of the westerlies to higher latitudes (Fig. 11d) . Therefore, the negative phases of the NAO cause changes in the direction of westerlies that bring moist air over the peninsula and above normal precipitation. Authors such as Dai et al. (1997) and Ulbrich et al. (1999) demonstrated close relationships between the NAO and humidity advection, cyclone occurrence and upper air variability.
It is likely that the shift of westerlies towards lower latitudes that enhanced precipitation over the IP may be a consequence of the weakness of Hadley circulation. On the other hand, anomalous sea surface temperature (SST) is an important forcing mechanism for circulation anomalies over the mid-latitudes. Graham et al. (1994) showed that variability in the winter circulation arises from changes in tropical oceans, and Palmer (1986) associated the warm sea surface temperatures with the attenuation of the Hadley circulation strength. In agreement with these studies, a significant positive correlation has been obtained between tropical sea surface temperature anomalies in the Atlantic sector (A/SSTA) (5N-20N, 30W-60W) and precipitation over the IB peninsula for the late winter season (JFM) ( Table 1) . The SOI does not show an effect on winter precipitation over the IP, which is consistent with the results of Moron and Ward (1998) and Rocha (1999) . However, in the late winter season (JFM), variations in precipitation towards the eastern part of the peninsula point to the influence of the July SOI. An explanation of the lag is stated by Enfield and Mestas-Nuñez (2000) "the ENSO-SST variability is strongest in the Pacific ocean but extends to the tropical Atlantic and Indian Oceans with systematic lags of one to three seasons".
Cross-spectral analysis helps to reveal interactions between the components of the climate system. Schonwiese (1987) used cross-spectral analysis to provide physical reasons for periodic signals included in temperature series. More recently, Benner (1999) measured the coherence by cross-spectral analysis to explore the connections between the prominent oscillations in temperature in central England and solar activity. In the present study, cross-spectral and coherence analysis have been used to examine variations of precipitation in conjunction with circulation indices. When two time series have significant peaks at particular frequencies and the peaks are coherent, the local and global information constitutes a true climate signal. Singular Spectral Analysis (SSA) and Maximum Entropy Method (MEM) are used to perform the spectral analysis. SSA is designed to extract information from short and noisy time series (Ghil and Yiou, 1996) ; the noise components identified by SSA were filtered out prior to applying MEM. The spectra for the second mode (PC2) of DJF precipitation and NAO12 are shown in Fig. 12a , a quasi-periodic oscillation of approximately eight years is present in winter precipitation and in the NAO12. The cross-spectral analysis is obtained by Fast Fourier Transform (FFT) with a bandwidth of 0.078 cycles/year. The squared correlation for the coherent frequency band between the modes in winter precipitation and the teleconnection indices are shown in Table 2 . The NAO contributes, basically, to the low frequency precipitation variations while the EA/WR, SOI and A/SSTA contribute to the high frequency bands. The results revealed not only that the NAO is the most influential index on Iberian winter precipitation but also the presence of quasi-periodic oscillations at about eight years that must be signals of variations because they are coherent at about 0.8 squared correlation. The critical value for the coherency estimates (0.45) at a 95% significance level (von Storch and Zwiers, 1999) (Figure 12b ).
Conclusions
In the present study, the precipitation observations for the winter seasons over the Iberian peninsula have been examined to characterise the variability in precipitation over the Iberian peninsula and to explain the variations by finding teleconnections with circulation indices. The data used were the logarithms of winter precipitation because they fit Gaussian behaviour.
A breakdown of precipitation variability has provided some insight into the physical sources of winter precipitation variations. Empirical Orthogonal Functions divide the peninsula into four regions with homogeneous precipitation variability. The spatial configurations and the temporal evolution of the modes have been justified by finding relationships with teleconnection circulation indices. The main findings are: the North Atlantic Oscillation was the major source of interannual variability in winter precipitation over the Iberian peninsula; the regions most affected lay from the southwest to the northeast. The time series of precipitation and the NAO show a significant coherence for a common peak at about eight years.
Some examples concerning the possible cause of enhanced (decreased) precipitation in the region were identified by comparison with a displacement of the westerlies to lower (higher) latitudes; these changes in wind direction may be forced by positive anomalies in sea surface temperature in the tropical Atlantic (5N-20N, 30W-60W ) (A/SSTA), because a positive association between A/SSTA and precipitation was obtained. The results are consistent with previous interpretations given by other authors and may be useful for predicting anomalous seasonal precipitation.
The East Atlantic/West Russian pattern is important in explaining precipitation variations in the northern part of the peninsula. However, the contribution of the Southern Oscillation Index to winter precipitation variations is very weak or may be masked by cyclone activity.
On the basis of these results, statistical models to characterise and predict the temporal and spatial variability of winter precipitation over the Iberian peninsula have been proposed. Because the models depend on atmospheric circulation indices, it will be necessary to develop reliable methods to forecast the circulation indices.
